The bedforms on a biofilm-coated sediment (biosediment) bed are different from those on a noncohesive sediment bed under an identical flow condition and sediment particle size without biofilm. Bedforms on biosediment beds can therefore modify the resistance to flow. In this study, experiments were conducted for the bedforms on both cohesive and biosediment beds. The biofilm coat around the fine cohesive sediment particles of a median size less than 0.1 mm was cultivated within a laboratory flume. The bedforms on biosediment beds are identified as dunes by comparing the Froude number and the Shields parameter. The equations of bedform steepness, bedform height, and equivalent roughness for biosediment beds are empirically derived. The maximum variations of equivalent roughness, Chézy coefficient, and Manning coefficient for a biosediment bed are 96.7, 60.5, and 44.3%, respectively, as compared to those for a noncohesive sediment bed under an identical flow condition and sediment size without biofilm.
Introduction
Over recent decades, accumulation of large amounts of contaminants, including waste water from industries, domestic sewage, excess pesticides, and fertilizers from agriculture, in rivers and lakes with the socio-economic development of China and consequent eutrophication in those water bodies has become a severe problem (Liu and Qiu 2007; Le et al. 2010) . Further, dams forming reservoirs to cause a weakened flow condition in the rivers help the sediment deposition and accumulation of contaminates and nutrients. The eutrophic water column, weakened flow, and sedimentabsorbed nutrients provide favorable conditions for the growth of microorganisms and their reproduction (Costerton et al. 1987; Stone et al. 2011) . It is reported that plankton blooms occur frequently in the bay and backwater zones of distributaries after the impoundment in the Three Gorges Reservoir (TGR) (Li et al. 2012) . In the natural environment, most microorganisms are living as biofilms, which are a matrix of cells, sediments, and extracellular polymeric substances (EPS), creating a complex microhabitat and acting to stabilize the sediments (Underwood and Paterson 2003; Gerbersdorf et al. 2008; Tolhurst et al. 2008; Flemming and Wingender 2010; Grabowski et al. 2011) . Hence, the sediment transport characteristics change because of the presence of biofilms in the new environment. However, the operational scheme for most of the reservoirs in China, which impounds clear water in the nonflood season while releasing muddy-water flow in the flood season in order to prolong service life, is based on the noncohesive sediment transport theory. Hence, the influence of biofilms forming biosediments on sediment transport has thus far been overlooked. The study of biosediment beds can provide a regulation basis for reservoir management in the current eutrophic water environment.
Biofilms influence sediment beds by embedding the particles and permeating the void space to enhance the cohesive force of sediment particles and to offer an additional adhesion force (Gerbersdorf et al. 2008) . In this way, the rheological properties and the threshold bed shear stress or the threshold shear velocity for erosion are changed (Righetti and Lucarelli 2007; Fang et al. 2012 . Moreover, the biofilm growth changes the sediment's bulk density, porosity, and even the micromorphology of the particles and the bed surface (Zhao 2009; Zhao et al. 2011; Grabowski et al. 2011) . When the shear stress applied to the bed is large enough to erode the bed, biosediment transport occurs because flocs and their size distribution are quite different from that of noncohesive sediments (Righetti and Lucarelli 2007) . Thus, the terminal settling velocity of biosediment particles and the sediment transport characteristics are also different from those of noncohesive sediment particles (Stone et al. 2011; Shang et al. 2014; Fang et al. , 2015 . Additionally, the extent of the biofilm impact on the sediment depends on the properties of the biofilm, which are mainly influenced by the microbial species, substrate types, hydrodynamic conditions, nutrient concentration, temperature, and illumination (Rao et al. 1997; Hunt and Parry 1998; Decho 2000; Godillot et al. 2001; de Brouwer et al. 2005; Righetti and Lucarelli 2007; Gerbersdorf et al. 2009; Diaz Villanueva et al. 2011; Vignaga 2012; Gerbersdorf and Wieprecht 2015) . However, although biochemical properties of biofilms, such as community structure, biofilm morphology, and EPS structure, are influenced by various environmental parameters, the viscoelastic properties are consistent, and the method by which biofilms stabilize the sediments is the same (Towler et al. 2003; Flemming and Wingender 2010) . The bedform characteristics and the resistance of biosediment beds to the flow are different from those of noncohesive sediment beds under a given flow condition; however, it is difficult to predict the sediment transport rate of biosediments and the corresponding flow condition. To date, only a few studies on biosediments have paid attention to these issues, whereas extensive studies on noncohesive sediments have been carried out.
Bedform development and bed resistance to flow for noncohesive sediment beds have been primarily studied using traditional sediment transport concepts. As the stream power (i.e., product of the mean velocity and bed shear stress) increases, the bed topography with noncohesive sediments changes in a sequence of flatbed without sediment motion → ripples → dunes → transition → flatbed with sediment motion → antidunes → chutes and pools (Simons and Richardson 1961; Chien and Wan 1999) . Bed resistance varies significantly with different bedform types, which are closely related to the flow regimes . A number of approaches for classifying bedforms, determining their dimensions, and calculating bed resistance were proposed Richardson 1961, 1966; van Rijn 1984; Chien and Wan 1999; Yalin 1992; Dey 2014) . If the sediment size is coarse enough, ripples are not formed; in contrast, for a very fine sediment size, dunes are not formed (Guy et al. 1966; Mantz 1992) . As the sediment size decreases, differences in bedform characteristics and their dimensions (Mantz 1992; Baas 1994) , as well as the corresponding flow regimes and bed resistance, are prevalent.
For cohesive sediments (fine sediments with mud, silt, and clay), studies were made to reveal the role of the cohesion (physical property) induced by the clay on the sediment incipient, bedform development process, characteristics, and dimensions (van den Berg and van Gelder 1993; Baas et al. 2013; Schindler et al. 2015) . Similar studies were also done to understand the role of cohesion (biological property) induced by biofilm on sediment beds (Hagadorn and Mcdowell 2012; Malarkey et al. 2015; Parson 2016) . Results showed that both physical and biological properties of cohesion markedly changed the flow conditions for sediment motion and reduced bedform sizes. Moreover, biofilm-induced biological cohesion is more effective than clay-induced physical cohesion, and the combined effects of biological and physical cohesion alter the bedform dimensions up to an order of magnitude of bed roughness two (Parson 2016).
However, the aforementioned studies on cohesive and biosediment beds have paid little attention to the bed resistance to the flow. The objective of the present study is therefore to determine (1) the characteristics of bedforms; and (2) the bed resistance to the flow for biofilm-coated sediment (henceforth biosediment) beds. Because there is no universally recognized theory and method to calculate the bed resistance and the transport rate for cohesive sediment with and without biofilm, it is reasonable to employ the method from the noncohesive sediment transport theory to study the bed resistance of the cohesive bed with biofilm. The approach proposed by van Rijn (1984) for noncohesive sediment was adopted to calculate the bed resistance by first determining the bedform dimensions by the flow and sediment conditions and then identifying an empirical relation between bedform dimensions and hydraulic roughness to calculate the resistance. Experiments were conducted on cohesive sediment beds with and without biofilm in the flume, and the biofilm was cultivated under controlled conditions in the laboratory.
Experimental Setup and Procedure
Experiments were conducted in a flume that was 17-m long, 0.2-m deep, and 0.5-m wide and was located at the State Key Laboratory of Hydro-Science and Engineering, Tsinghua University, China (Fig. 1) . Water entered the flume through a damper that was installed at the entrance (within 1 m from the entry) of the flume. Two glass sheets were installed vertically within the flume along its length, thereby narrowing the effective width of the flume to 0.16 m for the first 6 m in length. The narrow part of the flume was enlarged to the original width of 0.5 m for the remaining 6 m in length through a gradual 2-m long transition. The test section, comprising a sediment recess that was 4.9-m long, 0.16-m wide, and 15-mm deep, was located from 1.0 to 5.9 m (at the narrow part) from the flume entrance (Fig. 1) . The slope of the flume can be adjusted by a lifting device. The flow discharge in the flume was controlled by a regulator and measured by an electromagnetic flow meter, and the water levels along the flume were measured by point gauges.
Cohesive sediments, which usually exist in marine systems and low-energy habits in freshwater environments such as lakes and reservoirs (Decho 2000; de Brouwer et al. 2005; Righetti and Lucarelli 2007; Gerbersdorf et al. 2009 ), were used in this study. Sediments were collected from the TGR and were sieved by adding freshwater to remove impurities and then dried under the sunlight. The size distributions of sediment samples were measured by a HORIBA LA-920 (HORIBA Company, Japan) laser particle size analyzer. Median sizes d 50 of the samples were 0.011, 0.038, 0.059, and 0.068 mm, and clay (d < 4 μm) contents of 14.7, 10.4, 7.9, and 1.9%, respectively, were used because they are commonly found in nature (Veerasingam et al. 2014) . The sorting coefficients were 2.36, 4.67, 4.78, and 1.72.
Experiments for the sediment bed with and without biofilm were completed. Before each run, the sediment sample was mixed Fig. 1 . Schematic plan view of the experiment flume thoroughly with freshwater and allowed to settle for a day. Then, the supernatant was dumped, and the sample was placed in the sediment recess. Afterward, the water was added to the flume, and the flow discharge was gradually increased until the biosediment bed was eroded. For a given bed slope, the flow depth was adjusted by a valve at the downstream end of the flume in order to achieve a uniform flow. The erosion lasted for approximately 30 minutes, after which the bed did not change much with time, and during this time, the velocity profiles along the flume centerline at the locations of 1, 3, and 4 m from the flume entrance were measured by a propeller velocity meter. At the end of each experiment, the bed morphology was recorded by an ultrasonic wave meter called a Masatoyo electronic profile indicator (MEPI) with a resolution of 0.1 mm. Altogether, 100 × 16 points were measured, i.e., Δx ¼ 5 cm and Δy ¼ 1 cm in the longitudinal direction and in each section, respectively. The standard deviation of the measured data was 0.5 mm.
The procedure for experiments with a biosediment bed is almost the same as that of a bed without biofilm, except for the link of biofilm growth. Biofilm was cultivated in the narrow part of the flume, which was blocked at the two ends by baffles during the biofilm cultivation. Water from a local pond was used as the solution to implant microbes from the natural water column for a depth of about 0.10 m. Biofilms growing on the cohesive sediment not only cover the surface but also enter within the bed, permeating pore spaces, binding particles, and changing the sediment properties with depth (Tolhurst et al. 2008; Gerbersdorf et al. 2008 Gerbersdorf et al. , 2009 . Considering the lower flow velocity and the water renewal in lakes and reservoirs, a stagnant water environment was set in the experiments for the biofilm formation, and the half-nutrient solution was renewed every day. Nutrients mixed with the water included not only the necessary C, N, P, and S sources, but also sufficient microelements such as Na, Mg, Ca, and Si. Chemical compositions of the nutrients were the same as used by Zhao (2009) and , including the compounds C 6 H 12 O 6 , KH 2 PO 4 , NaHCO 3 , MgSO 4 , NH 4 Cl, and CaCl 2 . A temperature range was maintained from 17 to 21°C, which was close to the average annual temperature of 17.6°C in the TGR (MEP 2013) . Natural light through the windows and a low illumination were provided for the biofilm to grow during the biofilm cultivation. This condition was similar to that of the reservoir bottom with a low-light intensity. Thus, the bacterial biofilm was formed gradually. Under this environment during the experiments, biofilm could be found in 3-5 days, and the biomass varied slightly in 10 days (Fang et al. 2015) . After the biofilm cultivation, the solution with nutrients was drained out through a syphon, and the baffles were removed.
Results and Discussion
Bed Morphology and Characteristics of Bedforms In each case, using the morphological data, the characteristics of the bedforms were determined by extracting the lines along the longitudinal direction. Here, four lines that were parallel and near the centerline were extracted to determine the bedform length λ and height Δ (Fig. 3) . The characteristics of bedforms (bedform height, length, and steepness) on biosediment beds and the corresponding flow conditions (flow discharge Q, bed slope J, flow depth h, shear velocity u Ã , and flow Froude number F) are furnished in Table 1 . The shear velocity u Ã was calculated by the bed slope and corrected by the method of Vanoni and Brooks (1957) . To investigate the effects of the biosediments on bedforms, the experiments with bedforms on cohesive sediment beds (without biofilm), whose results are also furnished in Table 1 , were conducted. It was revealed that the flow conditions for the biosediment beds were rarely the same as the cohesive sediment beds with an identical medium sediment size. Differences are attributed to the different threshold velocities for biosediments because the flow conditions were set to ensure the appearance of the bedforms. Comparing the steepness of the bedforms with biofilm with those without biofilm under the same Shields parameter Θf¼ u 2 Ã =½ðs − 1Þgd 50 g, the former tends to be smaller than the latter. Here, s is the relative density of sediment (¼ ρ s =ρ); ρ s is the mass density of sediment; ρ is the mass density of water; and d 50 is the representative size as used for noncohesive sediments. The differences in bedform dimensions between noncohesive and biosediment beds considering the flow conditions are discussed subsequently. Studies on the bedforms on noncohesive sediment beds show that the ripple height is less than 5 cm and the length range is usually 1-15 cm with a maximum less than 30 cm (Chien and Wan 1999) . Applying such dimensional scaling, bedforms on fine and cohesive sediment beds were classified as ripples (van den Berg and van Gelder 1993; Baas 1994; Baas et al. 2013) . Table 1 shows that the bedform heights on biosediment beds are not less than 2 cm, whereas most of the bedform lengths are greater than 30 cm. Therefore, the bedforms do not fall into the classic definition of the type, which implies a different mechanism from the noncohesive sediment. Additionally, Fig. 2 shows that the bedforms on biosediment beds are not as regular as those on noncohesive sediment beds, which usually have a longer stoss side and a shorter lee side (for the ripples and dunes). It is observed that the bedforms were characterized by the three-dimensional configuration having potholes on the beds. This feature may be attributed to the biofilminduced adhesion and clay-induced cohesion, called a scour-andfill bed structure (van den Berg and van Gelder 1993) .
Classification of Bedforms
The bedform types are defined by the characteristics of the bed configuration for a given medium size of noncohesive sediment under a given flow regime (Simons et al. 1961) . The bedform types are governed by three flow regimes that depend on the flow Froude number F½¼ U=ðgh d Þ 0.5 , where U = average flow velocity; g = acceleration due to gravity; and h d = hydraulic depth]. The three flow regimes are (1) lower flow regime for F < 1 (subcritical flow), namely, ripples, ripples on dunes, and dunes; (2) transition for F ≈ 1 (critical flow), namely, washed-out dunes; and (3) upper-flow regime for F > 1 (supercritical flow), namely, plane bed, antidunes, chutes, and pools (Simons and Richardson 1963; Dey 2014) . Therefore, F is an important hydraulic parameter for the classification of bedforms. Previous researchers found that F has a critical influence on the formation of antidunes under an upper regime, whereas the shear Reynolds number R Ã (¼ u Ã d 50 =υ, where u Ã = shear velocity; and υ = coefficient of kinematic viscosity of water) is the important parameter for the development of ripples under a lower regime (Chien and Wan 1999) . On the other hand, for the formation of dunes, besides F and R Ã , other parameters, such as h=d 50 , u Ã =w s , and U=u Ã , play a key role, where w s = terminal fall velocity of sediment particles. The maximum value of F is approximately 0.6 for the dunes Richardson 1963, 1966; van Rijn 1984; Yalin 1992; Chien and Wan 1999) . However, Mantz (1992) and Baas (1994) gave an extended classification of bedforms on noncohesive coarse and fine sand and silt beds as primary ripples, secondary ripples (barchanoid and linguoid ripples), small dunes, eroded dunes, moving flat beds, and antidunes, but the corresponding flow regimes and bedform dimensions are different.
On the other hand, a few studies have been conducted on the classification of cohesive and biosediment beds. Most of the studies focused on the development of bedforms with time until reaching an equilibrium state, and time series models for the bedform dimensions were developed (van den Berg and van Gelder 1993; Baas et al. 2013; Malarkey et al. 2015) . Moreover, the bedform types were generally classified as ripples according to the bedform dimensions on noncohesive sediment beds. Therefore, in this study, the method for the classification of bedforms for noncohesive sediments is adopted to classify the bedforms for cohesive and biosediment beds.
The Shields parameter Θ is an important parameter in determining the sediment transport rate and thus the bed configurations. Hence, the Shields parameter Θ is usually chosen to predict the bedform types (van Rijn 1984; van den Berg and van Gelder 1993; Chien and Wan 1999) . Tables 1 and 2 show that the flow Froude numbers F ¼ 0.4-0.8 in the experiments indicate a high velocity. Therefore, the method of Garde and Albertson (1959) can be used to define the bedform types using a plot of ΘðFÞ. Fig. 4 shows the prediction of bedforms for cohesive sediments with clay and without biofilm and biosediments adopting the criterion ΘðFÞ. Data for the noncohesive sediments are also presented for comparison. In Fig. 4 , it is apparent that most of the data plots for cohesive sediments and biosediments of this study are close to the dividing line between the dunes and transition zone for noncohesive sediments. Therefore, accordingly, the bedforms were developed in a regime that would have produced dunes to transitional if the experiments were run with noncohesive sediments. This implies that if the cohesive sediments and biosediments were regarded as noncohesive sediments with the same median size, the bed configuration in the experiments were still dunes or transitional, but in fact, the clayinduced cohesion and biofilm-induced adhesion would enhance bed stability. This means that a higher bed shear stress is required to reach a threshold of sediment motion (Righetti and Lucarelli 2007; Jacobs et al. 2011; Malarkey et al. 2015) . Hence, the bedform types on cohesive-sediment and biosediment beds would lag behind those on noncohesive sediment beds under the same flow conditions. Further, the bedform dimensions and the resistance to flow on cohesive-sediment and biosediment beds are also different from those on noncohesive sediment beds.
Relationship between Bedform Dimensions and Flow Conditions
As already discussed in the noncohesive sediment research, the bedform dimensions are determined from the flow conditions and the sediment size (Chien and Wan 1999) . For different bedform types, the dimensions-as well as the corresponding flow regimesare essentially different. In turn, the bedform types result in different bed resistance to flow. Knowledge on the bedform dimensions and bed roughness is therefore required to determine the bed resistance to flow. Traditionally, the bed resistance to flow consists of the skin friction due to particles and form-drag friction due to bedforms. Thus, the determination of bedform dimensions is an essential prerequisite to evaluating the bed resistance to flow (van Rijn 1984; Yalin 1992) . However, in some cases, it is not necessary to know the bedform dimensions, but the hydraulic parameters, such as flow depth h and hydraulic radius R b , are calculated by the iterative method, and the skin and form-drag friction are obtained indirectly (Einstein and Barbarossa 1952; Engelund and Hansen 1966; Brownlie 1983) . Additionally, there are some approaches in which the coefficient of total frictional resistance is calculated instead of decomposing the frictional resistance into two components (White et al. 1979) . To apply these methods, an index to determine the bedform type is needed, and iterations are required. Among these approaches, the first approach to calculate the bed resistance by determining the bedform dimensions is quite straightforward.
For cohesive-sediment and biosediment beds, as mentioned in the preceding section, studies primarily focused on the variation of bedform dimensions with time from threshold of sediment motion to an equilibrium state under a given flow condition; however, the relationship between the bedform dimensions and the flow conditions was not discussed. Therefore, in this study, a method applicable to noncohesive sediments is adopted to determine the bedform dimensions for biosediment beds.
There are two approaches to calculate the bedform dimensions (e.g., length λ, height Δ, and steepness Δ=λ), depending on both flow condition and sediment size. The first approach is to directly establish an empirical relationship between the bedform dimensions and the flow parameters, such as R Ã , η (¼ Θ=Θ c , where van Rijn 1984; Yalin 1992) . The second approach is to establish a relationship between the bedform dimensions and the bed load transport rate (Ranga Raju and Soni 1976) . For the dune type, the first approach is applied, and the flow parameters η, T, and h=d are usually used. In this study, η was chosen as the flow parameter for a given flow condition.
Further, as a traditional approach, the ripple dimensions are primarily determined by using the shear Reynolds number R Ã (Yalin and Karahan 1979; Mantz 1992; Baas 1999) , whereas the dune dimensions are mainly related to the flow depth h, Froude number F, and Shields parameter Θ (Yalin and Karahan 1979; Chien and Wan 1999) . The bedforms in this study are classified as dunes by taking into account the flow regime. Here, a method for determining the dune dimensions for noncohesive sediments, in which the dune steepness Δ=λ is expressed as a function of the flow parameter η (¼ Θ=Θ c ), is adopted. Threshold Shields parameters Θ c for cohesive and biosediments of this study are much different from those for noncohesive sediments. Thus, a new Shields type diagram for the threshold of sediment motion is required (van den Berg and van Gelder 1993; Righetti and Lucarelli 2007; . Righetti and Lucarelli (2007) extended the threshold theory for noncohesive sediments to cohesive-adhesive benthic sediments, in which the influence of biofilm was considered as an adhesive force. used a method similar to that of Righetti and Lucarelli (2007) to explore the effects of biofilm on the erosion of fine sediments (d 50 < 0.1 mm) with sufficient nutrient solution. In this The variation of bedform steepness Δ=λ with η for cohesivesediment and biosediment beds are shown in Fig. 6 . It is evident that for cohesive-sediment and biosediment beds, the steepness Δ=λ initially increases with η until a maximum value is reached and then decreases as η increases (the maximum values are different for the two cases). Overall, the steepness of bedforms on a cohesive-sediment bed tends to be larger than that on a biosediment bed under identical flow conditions. This feature may be attributed to the adhesion by biofilm; however, because the data is limited in this study, more experiments need to be done to clear the role of clay-induced cohesion and biofilm-induced adhesion on the bedform dimensions. Yalin and Karahan (1979) presented these characteristics of bedform development on noncohesive sediment beds. In Fig. 6 , the data plots for the noncohesive sediments are also shown for comparison. In Yalin and Karahan's (1979) study, the nondimensional variable Zð¼ h=d 50 Þ is also considered as a variable influencing the dune steepness (Fig. 6) ; however, they pointed out that when Z is greater than 100, it becomes imperceptible. In this study, d 50 is taken as the representative size of a cohesive sediment sample, and the minimum value of Z is greater than 2,000. Therefore, the influence of Z can be considered insignificant. A comparison of the data plots of the cohesive sediments (without biofilm) with those of noncohesive sediments for Z > 100 (Fig. 6 ) made it evident that the steepness in the former case is less if the flow condition is the same, which is attributed to the effects of the clay-induced cohesion on bedforms. Importantly, the effects of biofilm emerge by comparing the results of cohesive-sediment and biosediment beds.
According to Yalin and Kaharan (1979) , the equation of dune steepness can be expressed as
where
and η d = value of η corresponding to ðΔ=λÞ max .
For biosediments, the variation of bedform steepness that depends on the flow condition is close to that for noncohesive sediments, but the maximum values of steepness are quite different. Fig. 6 shows that the maximum value of bedform steepness ðΔ=λÞ max for biosediments corresponds to η d ¼ 6.13, and thus fðZ ≥ 2000Þ ¼ 0.195. Therefore, in this study, the bedform steepness for biosediments, identified as dunes, can be expressed as
According to Yalin's analysis (Yalin 1992) , if the flow over an initial flat sediment bed is rough-turbulent, the dune length is only dependent on the flow depth. For biosediments, in this study, the flow conditions in most of the cases are rough-turbulent (Table 2) . Thus, the dune length can be given by
Equivalent Roughness of Biosediment Bedforms
The hydraulic roughness of a movable bed is caused by the roughness due to particles k 0 s and roughness due to bedforms k 0 0 s . The former corresponds to skin friction and the latter to form-drag friction (Dey 2014) . For a plane bed, the equivalent roughness k 0 s due to particles is related to the sediment particle size of the bed, such as d i for i ¼ 50, 65, 84, and 90%, and its general form can be given Einstein (1950) as
where R b = hydraulic radius; k s = Nikuradse equivalent roughness; χ = correction factor being a function of k s =δ; and δ = viscous sublayer thickness (¼ 11.6υ=u Ã ). The method of Vanoni and Brooks (1957) can be used for wall correction. For biosediments, the equivalent roughness k s can thus be obtained using Eq. (5), and the values are summarized in Table 2 , in which the experiment results of the cohesive-sediment bed are also presented. Regarding the form roughness, Yalin (1972) introduced a functional relationship as
Using experimental and field data, van Rijn (1982) proposed a formula to calculate the form roughness as
Bartholdy et al. (2010) proposed a relationship between the form roughness height and the dune height as k 0 0 s ¼ 0.57Δ. In deriving this relationship, the virtual bed level was first defined and determined by using a series of experimental data. Later, a similar method was used by Bartholdy et al. (2015) to determine the relationship between the form roughness height and the ripple dimensions as k 0 0
2.0 Þ. In this study, van Rijn's approach ( van Rijn 1982) was used, and focus is placed on the resistance of biosediment beds. Thus, the results of nondimensional equivalent roughness k 0 0 s =Δ for cohesive and biosediment bedforms are plotted against the bedform steepness Δ=λ in Fig. 7 , including the data used by van Rijn (1984) for noncohesive sediments. The equivalent roughness k In Fig. 7 , the plots for cohesive sediments and biosediments are not far from those of noncohesive sediments. The reason is partially attributed to the range of data plots for noncohesive sediments being much wider against the limited data plots for biosediments. Another argument could be that the relationship between the roughness height and the bedform dimensions are being controlled by an identical physical principle. Although the limited data in the present study cannot fully show the biofilm effect on bedform sizes, the studies by Malarkey et al. (2015) and Parson (2016) clearly showed a reduction in bedform sizes due to biofilm mixed in the cohensionless and cohesive sediments. This indicates a change in bed resistance and thus the different equivalent roughness under the same flow conditions. Therefore, the data plots of biosediments are fitted, and the form roughness k 0 0 s for biosediments can be obtained as
The total equivalent roughness k s (¼ k 0 s þ k 0 0 s ) for biosediments is therefore expressed as
where the value α ¼ 3 was suggested by van Rijn (1982) . In Table 3 , the experiment data for noncohesive, cohesive, and biosediment beds are summarized and include bedform dimensions and types, corresponding flow regimes, and bedform steepness and equivalent roughness. For natural cohesive sediment samples, when the sediment size is less than 63 μm, it is called mud, which usually contains clay (<4 μm) that induces a cohesive force as an interparticle attraction; however, in the laboratory, sediment samples are often sieved and sorted, and thus a sediment size of 63 μm cannot be used as the critical size to define a noncohesive or cohesive sediment sample. Given that clay content plays a key role in determining the cohesive force, here the cohesive sediment is defined as a sediment sample with clay; otherwise, it is a noncohesive sediment sample.
The typical bedform development process and bedform characteristics in the experiments are characterized using medium-size noncohesive sediments. In Table 3 , the ripples on the beds with medium and fine sediments have a height of less than 3 mm and a maximum length of approximately 50 cm. The dune dimensions are larger than the ripple dimensions and vary over a wide range. The dune height with a coarse sand bed (median size d 50 ¼ 1.1 mm) is close to the ripple height with medium and fine sediments, whereas the dune length is larger than the ripple length. The bedform dimensions on a silt bed are within the scope of the ripple dimensions on a sand bed even under a high flow regime. It was found that the bedform dimensions tend to decrease as the sediment size decreases under the same flow regime. Moreover, the flow regime corresponding to the bedform type changes as the sediment size decreases. For beds with coarse sands, the separating value of F between the ripples and the dunes is about 0.3, and the Froude number corresponding to the dunes ranges from 0.3 to 0.6. As the sediment size decreases, ripples form under a higher flow regime in which F reaches 0.55 when d 50 ¼ 0.021 mm, and the dunes do not at all exist if d 50 < 0.08 mm (van den Berg and van Gelder 1993) . Three methods calculating the bedform dimensions for noncohesive sediments are presented in Table 3 . Mantz's (1992) method was proposed for beds with fine sediments, in which the flow depth was not included because ripples are predominant. The other two methods were proposed for calculating the dune dimensions, in which the relationship among the bedform dimensions, Shields parameter, and flow depth was established. The values of equivalent roughness k s for the experiments are also presented, showing that k s is closely related to the bedform steepness, where a larger steepness, in general, corresponds to a larger k s .
For cohesive sediments, Table 3 shows that most of the bedform dimensions are within the scope of the ripple dimensions for noncohesive sediments, which are influenced by the mud or clay contents. As the content is higher, the ripple dimensions are smaller; however, the bedform height on the cohesive bed of median sediment size d 50 ¼ 0.033 mm is larger than that of a noncohesive Fig. 7 . Nondimensional equivalent roughness k 0 0 s =Δ for cohesive and biosediment beds as a function of bedform steepness Δ=λ including the data plots used by van Rijn (1984) for noncohesive sediments sediment bed under the same flow regime. This is possibly caused by the higher content of clay, which induces a scour-and-fill structure, and the three-dimensional characteristics of the beds (van den Berg and van Gelder 1993) . It was also observed that in the study by Schindler et al. (2015) , the bedform lengths are much larger than the ripple lengths for noncohesive sediment beds, whereas the bedform heights are close to the ripple heights. This is similar to the results on the cohesive bed in the present study. The values of k s for cohesive sediment beds are also related to bedform steepness. For biosediments, the bedform dimensions are still close to the ripples under a lower flow regime, excepting the bedform lengths obtained by Parsons et al. (2016) . When EPS content was 1%, the bed was a flatbed under a high-flow regime, which indicates that EPS decreases the bedform dimensions. In this study, the cohesive sediments were used as a substrate to cultivate the biofilms. The bedform height is still within the proximity of the ripple height for noncohesive sediments, but the bedform length is closer to the dune length corresponding to the flow regime.
Prediction of Chézy Coefficient in Flow over Biosediment Beds
If the flow condition and sediment sizes are known, the Chézy coefficient C can be calculated as
For a given flow velocity U, flow depth h, channel (flume) width B, sediment sizes d 50 and d 90 , mass density of water ρ, mass density of sediment ρ s , and coefficient of kinematic viscosity υ, the Chézy coefficient C for a biosediment sample can be computed as follows:
1. Assume a shear velocity u Ã . Table 4 furnishes the changes in values of the equivalent roughness k s , Chézy coefficient C, and Manning coefficient nð¼ R 1=6 b =CÞ for a noncohesive sediment and a biosediment. It is evident that under an identical flow condition, the equivalent roughness k s and Manning coefficient n become much smaller after the biofilm growth, but the Chézy coefficient C is larger. This implies a reduction in bed resistance to flow by the cohesive-adhesive forces among sediments because of clay and biofilm. On the other hand, for both noncohesive and biosediment beds, k s increases with an increase in U, but C decreases with U. The maximum changes in the values of k s , C, and n for a biosediment bed are 96.7, 60.5, and 44.3%, respectively, as compared with those for a noncohesive sediment bed.
Conclusions
Experiments were conducted to study the characteristics of bedforms on biosediment beds and bed resistance to flow. Through a comparison of the Froude number and the Shields parameter, the bedforms developed on a biosediment bed were identified as dunes. Like noncohesive sediment beds, the bedform steepness on biosediment beds initially increases with an increase in the Shields parameter reaching a maximum value and then decreases after reaching its maximum value; however, the maximum bedform steepness value on a biosediment bed is much smaller than that on a noncohesive sediment bed (their ratio was found to be 0.25). Under an identical flow condition and sediment size without biofilm, the bedform length on a biosediment bed is smaller than that on a noncohesive sediment bed because the adhesive force of the biofilm requires greater bed shear stress to move the sediment particles. The empirical formulas of bedform steepness, bedform height, and equivalent roughness for biosediment beds are deduced. The bedforms on a biosediment bed reduce the bed resistance to flow as compared to those on a noncohesive sediment bed under an identical flow condition and sediment size without biofilm. The maximum variations in equivalent roughness, Chézy coefficient, and Manning coefficient between biosediment and noncohesive sediment bedforms are 96.7, 60.5, and 44.3%, respectively.
Notation
The following symbols are used in this paper: B = channel width (L); C = Chézy coefficient (L 1=2 T −1 ); d = particle parameter (L); 
